Electrical noise sources are basic building blocks in many measurement and instrumentation applications and in communication systems. In this paper, we propose a quite simple topology for the realization of a programmable, wide bandwidth, white noise current source that requires only two resistors and one operational amplifier. We validate the proposed approach by means of SPICE simulations and demonstrate, by means of proper measurements, the capability of generating a flat current noise spectrum in a frequency range up to four decades from a few Hz up to 100 kHz. © 2014 AIP Publishing LLC. [http://dx
I. INTRODUCTION
Electrical noise, that is always present in any electronic system, is usually considered a negative effect because it sets the ultimate limit to the system sensitivity. However, the presence and the properties of electrical noise can also be exploited in a number of useful applications. Noise sources can be in fact used as a broadband test input signal for investigating the response of systems, while the properties of the noise generated within electron devices provide information on the conduction mechanisms at a microscopic level. Noise sources are indeed basic building blocks in many applications in the field of measurement and instrumentation (measurement of system bandwidth, impulse response, insertion loss, linearity, and intermodulation of communication equipment) and communication systems (microwave heating by noise, simulation of random quantities, stochastic computing, generation of random numbers). 1 White noise generators are used in speech-processing problems 2 and for testing the dynamic behavior of many electronic systems. 3 They can also be used for the generation of secure non-repeatable pseudorandom number sequences. 4 Cascading a white noise source and a filter is a common approach for obtaining arbitrary spectrum shapes (noise shaping) such as colored noise. 5 While white noise voltage sources in the frequency range up to a few hundred kHz can be easily realized using a resistor to generate the flat (thermal) noise voltage source followed by a low noise voltage amplifier for obtaining a very low output impedance, the realization of white noise current sources, that is sources characterized by a predefined noise current level in a wide bandwidth together with a high output impedance, is a more complex task. In this paper, we propose a quite simple topology for the realization of a tunable, large bandwidth white noise current source. To the author's knowledge, no similar result has been previously reported in the literature. We demonstrate its operation in a typical application in which such a source is particularly useful, that is in the characterization of the frequency response of high sensitivity transimpedance amplifiers (TIAs). However, the proposed approach can be useful in any application requiring a high impedance noise source.
In order to better appreciate the need for a white noise current source in the characterization of the frequency response of a TIA we can refer to Fig. 1 where the typical topology for the realization of a TIA by employing an operational amplifier (OA) in a shunt-shunt feedback configuration is shown. 6 Assuming virtual short at the input of the OA, the transresistance gain is equal to -R F . The resistance R F contributes to the equivalent input noise current of the TIA with a power spectral density I 2 N,RF given by
where k is the Boltzmann constant and T is the absolute temperature. It is therefore clear that, in order to estimate some properties of the frequency response such as the bandwidth by means of noise measurements, at the input of the system we need a device (DUT in Fig. 1 ) capable of generating a known current noise level much larger than I 2 N,RF , otherwise the output noise would be dominated by the background noise rather than by the contribution from the input source. 7 The simplest DUT, we can think of for obtaining a known level of white current noise is a resistor. Equation (1), indeed, is also the power spectral density of the current fluctuation through a short circuited resistor and because of the very low impedance at the input of the TIA, the current noise generated by such a resistor would coincide with the input current noise to the TIA. From Eq. (1), it is however clear that we need a resistance R DUT much smaller than R F in order to make the background noise negligible and this, unfortunately, has a significant effect in the frequency response of the system since the loop gain from the input of the OA toward the output and then back to the input is proportional to the factor R DUT /(R DUT +R F ). It is therefore clear that a value of R DUT much smaller than R F results in a reduction of the loop gain magnitude that, in turn, is likely to result in a significant reduction of the bandwidth. It is therefore clear that the approach of using a simple resistor as a test DUT for the estimation of the bandwidth, as it is often successfully used in the case of a voltage amplifier, cannot be applied to the case of a TIA. Note that in the case of the conventional configuration in Fig. 1 , the bandwidth of the system is actually set by the feedback parallel capacitance C F, and in this case the measurement of the background noise at the output of the TIA (that is the noise at the output with an open input) is sufficient for the estimation of the bandwidth. However, one is more interested in the system bandwidth when the actual DUT is connected at the TIA input and, as discussed before, low impedance DUTs (such as capacitive DUTs at sufficiently high frequencies) can affect significantly the system transfer function. Moreover, in more complex TIA topologies [8] [9] [10] [11] [12] the system bandwidth cannot be simply extrapolated by the measurement of the background noise.
Active components are therefore necessary in order to obtain a high level of noise together with a high equivalent impedance for the realization of a white current noise to be used for TIA characterization. The design of such a current source is indeed the subject of this paper. The rest of the paper is organized as stated in the following. In Sec. II, we discuss the two fundamental mechanisms by which a white current noise spectrum can be obtained, that is thermal noise and shot noise, demonstrating that the thermal noise generated in resistors is the most convenient choice as a starting point for designing an active current noise source. In Sec. III, we discuss the basic topology we propose together with the possible modifications required for addressing the issue of a non-flat spectrum at low frequencies because of the flicker noise introduced by the active device (an operational amplifier) that is part of the system. In Sec. IV, we validate the proposed approach by means of experimental measurements. In particular, we will demonstrate that the proposed current noise source allows the characterization of the bandwidth of a conventional TIA with capacitive DUT, and the bandwidth of a more complex large-bandwidth/low-noise TIA. 9, 11 Finally, Sec. V is devoted to our conclusions.
II. THERMAL NOISE VERSUS SHOT NOISE FOR WHITE CURRENT NOISE GENERATION
Two basic mechanisms capable of generating white current noise are available in nature, namely, thermal noise and shot noise. Thermal noise is always present in a conductor at T > 0 and it is due to the random thermal motion of free carriers. Shot noise is obtained when carriers flow across a potential barrier. These two kinds of electrical noise are typical of resistors and pn junctions (diodes), respectively, so that these devices are the obvious candidates from which to start for the development of a white noise source. The power spectral density (PSD) of current noise fluctuations generated by a resistor R in thermal equilibrium is
whereas the PSD associated with the shot noise in a junction diode supplied with a constant voltage is
where q is the elementary charge and I is the absolute value of the DC current flowing through the diode. Programmability and accuracy, that is the ability to set the level of generated noise in a reliable way, are important requirements for a current noise source. The current noise level generated by a resistor depends on the resistor value and on the temperature. Resistors with tolerances better than 0.1% and temperature dependencies better than few ppm/
• C are routinely used in measurement and instrumentation applications, so that the main source of uncertainty in the generated noise level remains the operating temperature T. A change of 3
• C near room temperature corresponds to a change of 1% in the level of generated noise. It might appear, from this point of view, that using a biased diode should solve the problem of the temperature dependence of the current noise level since, according to Eq. (3), there is no explicit dependence of the shot noise level on the temperature. This, unfortunately, is not really the case since setting the current flowing through a diode biased at constant voltage with the desired accuracy is quite difficult because, besides the dispersion in the devices characteristics, the current flowing through a diode at constant bias voltage has a strong dependence on the temperature (in the order of a few%/
• C for a silicon diode). Moreover, we should be able to design a programmable voltage source for biasing the diode characterized by an extremely low level of voltage noise that would otherwise result in an additional component of current noise flowing through the diode. Finally, the fact that the shot noise can only be obtained coupled to a proportional level of DC current would also pose the problem of coupling the current source to the system to be tested is such a way as to avoid that the DC may cause the system under test to saturate. For all these reasons, it is apparent that using a resistor at thermal equilibrium as the source for the current noise fluctuations to be delivered to the output of the current source is to be preferred as far as the ability of setting an accurate level of current noise is concerned. Another aspect to be considered is the output impedance of the current source. At low frequencies the small signal resistance r D of a forward biased diode can be written as
where V T = kT/q is the thermal voltage. By using Eqs. (2) and (3), it can be easily verified that when the same level of current noise is obtained from a resistor and a diode, we have
a conclusion that, once again, makes a resistor based current source preferable to a diode based one. Besides, the equivalent parallel capacitance associated with a diode in the forward region of operation is usually much larger than the parasitic capacitance in parallel to an actual resistance. Finally, we must also observe that while in a resistance at thermal equilibrium only thermal noise can be present, in a forward biased diode a flicker noise component is also present superimposed to the shot noise component. A more complete description of the current noise spectrum in a forward biased diode is therefore the following:
where α is typically between 1 and 2 and c is a process dependent multiplication constant. The presence of a flicker component clearly sets a limit at the lower frequency at which the spectrum can be considered to be flat. Even by using the best commercially available devices, the flicker component may be relevant up to a few tens of Hz, thus seriously limiting the performances of the system at low frequencies.
From the above discussion it is apparent that a resistor at thermal equilibrium represents the most reliable source for the generation of known level of white current noise spectrum, notwithstanding the explicit dependence on the temperature that, however, can be maintained within acceptable levels by a proper temperature control of the environment or that can directly be measured and accounted for when performing actual measurements.
III. OPAMP BASED WHITE NOISE CURRENT SOURCE
For the power spectrum of the current fluctuations supplied by a resistor to coincide with Eq. (2), the impedance seen at the ends of the resistor must be negligible with respect to R. This result can be obtained by exploiting the virtual short circuit (VSC) at the input of an operational amplifier as in Fig. 2(a) . In the VCS approximation at the opamp input, the current noise generated by R (I N,R ) flows entirely through FIG. 3 . Opamp model with the most relevant parasitic for our study. Common mode capacitance, DC and noise generators at the inverting input are not shown because are not relevant for our study.
the load independently on the load impedance. As long as the VSC approximation holds, we can assume, therefore, that the current noise supplied to the load has a flat spectrum and that the output impedance of the current source is extremely large. Moreover, in ideal conditions (no offset voltage and no current bias sources at the inputs of the operational amplifier) the DC current sourced to the load is zero.
However, due to opamp parasitics, the allowed bandwidth and the output impedance remain finite. Fig. 3 shows a typical opamp equivalent circuit with the most relevant parasitic for our study: the equivalent input voltage noise (EIVN -E N, OP ) and current noise (EICN -I N, OP ) sources, the differential resistance (capacitance) R d (C d ), the common mode capacitances of the not inverting input (C + CM ), and the equivalent input voltage (V DC ), and current (I DC ) DC bias generators. Common mode capacitance, DC and noise generators at the inverting input are not shown because are not relevant for our study.
The current noise source (CNS) can be schematized with its Norton equivalent (Fig. 4(a) ), I N, S being the source associated with the current fluctuations, and Z S the source (output) impedance. Fig. 4(b) shows the complete CNS noise model for the circuit in Fig. 2(a) . In the VSC approximation (for deriving the Norton equivalent the load impedance Z L is set to   FIG. 2. (a) Basic opamp-based configuration of the proposed current noise source; (b) improved configuration of the opamp-based current noise source: a resistor R 2 is used in series with the not inverting opamp input in order to (i) mask the noise generated by the opamp EIVN, (ii) increase the generated current noise, (iii) reduce the DC component.
FIG. 4. (a) Equivalent
Norton model of a current source; (b) equivalent noise model for the proposed configuration in Fig. 2(a) ; (c) equivalent noise model for the proposed configuration in Fig. 2(b) . zero), 
From Eq. (7), it appears that the generated noise does not depend only on R but also on the E 2 N,OP and I 2 N,OP sources. In order to make the current source dependent only on R and to have high output impedance and low DC current, the opamp should have large bandwidth, low noise, low common mode capacitance, and low DC offset. The use of opamps with MOSFET or JFET input makes the effects of current DC and current noise sources negligible, at least at low frequencies, but the parasitic associated with voltage DC and voltage noise sources still remain. Figure 5 shows the simulated (SPICE) noise in the case of the opamp TLC070 for dfferent values of R. The EIVN impacts at low frequencies, while the EICN impacts at high FIG. 5 . SPICE simulation of the proposed current noise model (Fig. 2(a) ) using the opamp TC070 and for different values of R.
frequencies, both limiting the bandwidth where the generated noise can be assumed to be flat (flat bandwidth, f min ÷ f max ).
At low/middle frequencies, the EICN is negligible (the opamp TLC070 has MOSFET input) so that a minimum value of R (R min ) should be chosen in order to make the generated noise independent of the EIVN. For the opamp TLC070, the EIVN is 7nV/ √ Hz at middle frequencies so that, if an error lower than 1% is required in the level of the generated noise, a value of R higher than R min = 330 k should be used. Since the lower is R the higher is I N, S , this condition sets also the higher value of the current noise that can be generated to 4kT/R min = 5 × 10 −26 A 2 /Hz. In this case, the generated noise results flat approximately in the bandwidth f min = 100 Hz ÷ f max = 100 kHz as shown in Fig. 5 . If the value of R increases above R min , the generated noise PSD reduces, and f min (f max ) reduces too because of the higher relative contribution of EIVN (EICN).
In order to generate the noise equivalent to a resistor R eq < 330 k , a resistor R 2 can be placed in series with the not inverting input as shown in Fig. 2(b) . The complete noise model is shown in Fig. 4(c) . In the VSC approximation, the output short circuit (Z L = 0) current PSD is
At low frequencies
so that, in order to have a generated noise independent of the EIVN and EICN,
In the frequency interval where the EIVN and the EICN can be effectively considered negligible
that is the generated noise is boosted by a factor α > 1. It is evident from Eq. (9) that, if R 2 R, the effect of R 2 is relevant only inside a bandwidth f p2 = 2πR 2 C + CM −1 , which can be assumed as the system bandwidth. At low frequencies the EICN is effectively negligible for MOSFET or JFET input opamps, while R+R 2 should have a minimum value in order to make the EIVN negligible at low/middle frequencies (until f min ). The higher is R 2 , the higher is α and the generated noise, and the lower is f min . However, the higher is R 2 , the lower is the system bandwidth (f p2 ). In order to minimize the bandwidth reduction, an opamp with the lower C + CM , as well FIG. 6 . SPICE simulation of the proposed current noise model (Fig. 2(b) ) using the opamp LT1793 and for different values of R and R 2 .
as the lower I N,OP , should be chosen. We selected the opamp LT1793 which has C + CM = 1.5 pF, which is much lower with respect to the opamp TLC070 (C + CM = 11 pF). Figure 6 shows SPICE simulations with R 2 = 1 M and different values of R. Higher values of the generated noise, with respect to the case in Fig. 5 , can be obtained because α 1, at the cost of a reduction of f max . However, also f min reduces and a flat bandwidth in the range 1-10 kHz is obtained. In practice, the flat bandwidth moves down in frequency as R 2 increases. For higher frequencies (above 10 kHz in Fig. 6 ) the effect of the EICN (which is boosted by the same factor α as it is evident from Eq. (9)) is no longer negligible and the generated noise increases as shown in Fig. 6 (I 2 N,OP increases as f 2 at high frequency).
Another positive effect related to the configuration with R 2 > 0 is due to the reduced DC current component. In fact, the same current noise can be obtained with a larger value of R and a correspondingly lower DC current.
A. Open loop gain and output impedance
From Fig. 4(c) , the open loop gain can be calculated as
Since C d is normally much lower than C + CM , or at least of the same order of magnitude, the amplitude distortion and the phase change introduced by the term in the fraction are extinguished in a narrow frequency range. This means that |T (jω)| ≈ A V ,OP (jω) , that is the circuit uses the whole opamp bandwidth. Because f p2 is normally lower than the opamp gain-bandwidth product, the VSC approximation can be considered valid in all cases of interest, and the calculations done above hold. In the VSC approximation, the output conductance is
Inside the system bandwidth (f f p2 ),
that is the output impedance is purely capacitive. Moreover, as the generated noise is boosted by the factor α, the equivalent capacitance increases by the same factor. In order to be useful, the proposed current noise generator should have an output impedance much higher than R eq . We can define a figure of merit (FOM) as
The FOM does not depend on R 2 but on the choice of the opamp (through C + CM ) and on R and decreases as the frequency increases. For example, in Fig. 6 , at the bandwidth limit of 10 kHz, with C + CM = 1.5 pF (opamp LT1793) and R = 10 k (Req ≈ 100 ), FOM ≈ 1000, that is the proposed current noise source produces the same noise of a 100 resistor with a 100 k impedance.
IV. EXPERIMENTAL DEMONSTRATION
In order to validate the proposed CNS three experiments have been performed. In the first experiment, in order to demonstrate the bandwidth of the proposed CNS, the generated current noise is measured by a conventional TIA with a bandwidth much larger than the expected bandwidth of the CNS. In the second and in the third experiments, the CNS is used to characterize the bandwidth of high-sensitivity TIAs. In the latter cases, the expected bandwidth of the TIA is smaller than the bandwidth of the CNS. In all cases the output of the TIA is measured by a PC based spectrum analyzer 13 working at the sampling frequency of 200 kHz (analyzer bandwidth equal to 100 kHz).
In the first experiment, the system is composed by the cascade of the proposed CNS and a conventional TIA (Fig. 7(a) ). The opamp used for the CNS is the device LT1793, while the opamp used for the TIA is the device TLC070. The values of R and R 2 are chosen as to reproduce the simulations reported in Fig. 6 . The CNS flat bandwidth is then estimated (from Fig. 6 ) to be ∼10 kHz. The feedback impedance of the TIA is composed of a resistor R F = 1 M and a parallel capacitor C F = 1 pF, so that the TIA estimated bandwidth is about (2π R F C F ) −1 = 159 kHz. Figure 7 (b) shows that the experimental results are in good agreement with the simulation reported in Fig. 6 .
In the second experiment, the system is composed by the cascade of the proposed CNS and a conventional highsensitivity TIA (Fig. 8(a) ). The CNS is realized with the opamp LT1793 with R = 100 k and R 2 = 1 M so as to generate the current noise produced by an equivalent resistor of ∼10 k , and the CNS flat bandwidth is estimated to be ∼10 kHz as demonstrated in Fig. 7 . The conventional highsensitivity TIA is realized with the opamp TLC070 with a feedback impedance composed of a resistor R F = 100 M and a parallel capacitor C F = 1 pF, so that the TIA estimated bandwidth is around (2π R F C F ) −1 = 1.59 kHz. As already discussed in the Introduction, the TIA transfer function could be measured by the background noise, because the thermal noise generated by R F is shaped by the TIA transfer function. However, often, the DUT impedance strongly influences the measured background noise as in the common case of ca- FIG. 7 . Experimental measurement of the current PSD generated by the proposed CNS (Fig. 2(b) ) using the opamp LT1793 for different values of R and R 2 . The background noise of the measurement TIA (opamp TLC070 with R F = 1 M and C F = 1 pF) is also shown.
pacitive DUTs. Figure 8(b) shows the measured background noise when the DUT (connected at the TIA input) is a C DUT = 1 nF capacitor ( Fig. 8(a) ). The measured background noise is not flat at the higher frequencies due to the coupling between the opamp EIVN and C DUT . In the same figure, the measured noise with the CNS connected at the TIA input is shown. The generated current noise is shaped by the TIA transfer function as demonstrated in Fig. 8(b) and the system transfer function/bandwidth can be easily extracted (at least until the background noise can be considered negligible with respect to the measured noise). As it is evident, the measurement reported in Fig. 8(b) agrees with the estimated bandwidth of 1.59 kHz.
In the third experiment, the system is composed by the cascade of the proposed CNS and a not-conventional highsensitivity and large bandwidth TIA (Fig. 9(a) ) as reported in Refs. 9 and 11. The TIA bandwidth is limited by the time constant R F C F where C F is the unknown parasitic parallel capacitance of R F . Because C F is normally in the order of a pF, the TIA bandwidth is estimated in the order of (2π R F C F ) −1 ≈ 15 kHz. The CNS configurations in the previous experiments allowed a flat bandwidth up to ∼10 kHz. In this case, we need a higher f max and therefore we use the configuration reported in Fig. 2(a) , with the opamp TLC070 and R = 330 k . SPICE simulations for this case are reported in FIG. 8 . Experimental bandwidth characterization (b) of a high-sensitivity TIA with a capacitive DUT at its input (a). The CNS is realized by the opamp LT1793, R = 100 k and R 2 = 1 M so that R eq ≈ 10 k .
FIG. 9. Experimental bandwidth characterization (b) of a large-bandwidth high-sensitivity TIA (a) 9, 11 using the CNS configuration in Fig. 2(a) . The CNS is realized by the opamp TLC070 and R = 330 k . Fig. 5 , where a bandwidth of ∼100 kHz is demonstrated. Note that f min is higher with respect to the first two experiments, but this is not a problem because we are interested in the higher part of the frequency response of the TIA. In this experiment, the DUT capacitance is neglected (with the exception of the CNS capacitance) so that one can think that the TIA bandwidth could be measured by the shaping of the transfer function on the thermal noise generated by R F . However, as reported in Fig. 9(b) and in Refs. 9 and 11, the measured background noise increases at the higher frequencies due to the coupling between the EIVN of the opamp in the second stage and C F2 . This situation is somehow similar to the second experiment where the opamp EIVN coupled with the DUT capacitance. Figure 9 (b) shows also the measured noise when the CNS is connected at the TIA input. As theoretically predicted, the TIA bandwidth is close to 15 kHz.
V. CONCLUSION
In this paper, we proposed a white noise current source characterized by a low level of complexity, since it requires just two resistors and one operational amplifier. The proposed noise source is easily tunable by changing the value of resistors. We validated the proposed approach by means of SPICE simulations and experimental measurements. We have chosen the opamps LT1793 and TLC070 because of the excellent trade-off between voltage noise and current noise which allows to obtain a flat response in nearly 4 frequency decades.
